Uridine diphosphate galactopyranose mutase (UGM also known as Glf) is a biosynthetic enzyme required for construction of the galactan, an essential mycobacterial cell envelope polysaccharide. Our group previously identified two distinct classes of UGM inhibitors; each possesses a carboxylate moiety that is crucial for potency yet likely detrimental for cell permeability. To enhance antimycobacterial potency, we sought to replace the carboxylate with a functional group mimic-an N-acylsulfonamide group. We therefore synthesized a series of N-acylsulfonamide analogs and tested their ability to inhibit UGM. For each inhibitor scaffold tested, the Nacylsulfonamide group functions as an effective carboxylate surrogate. While the carboxylates and their surrogates show similar activity against UGM in a test tube, several N-acylsulfonamide derivatives more effectively block the growth of Mycobacterium smegmatis. These data suggest the replacement of a carboxylate with an N-acylsulfonamide group could serve as a general strategy to augment antimycobacterial activity.
aminothiazole inhibitors is crucial for activity against UGM suggests that it mimics the pyrophosphate group. 18 Still, negatively charged functional groups such as carboxylates are known to hinder diffusion through lipid bilayer membranes. 24, 25 We anticipated that replacing the carboxylic acid with a functional group surrogate would modulate the physicochemical properties of the inhibitor and might enhance its ability to permeate mycobacteria. We identified the N-acylsulfonamide functionality as a promising candidate, as it previously has been employed as a carboxylic acid bioisostere 26 and can successfully mimic phosphate groups. 27, 28 N-Acylsulfonamides have lower pK a values to those of carboxylic acids, and are expected to be ionized under physiological conditions. 29 The Nacylsulfonamide group also has an additional substituent (Scheme 1) that could alter overall lipophilicity or engage in additional binding interactions. Additionally, compared with a carboxylate, the anionic charge of N-acylsulfonamides is delocalized over more atoms. We therefore postulated that substitution of a carboxylate with an N-acylsulfonamide group could improve antimycobacterial efficacy while facilitating interactions crucial for UGM active site binding.
Our strategy was to implement a late-stage functionalization of the most potent 2-aminothiazole derivative 1 to generate a collection of N-acylsulfonamide analogs. Coupling of 1 to a range of commercially available sulfonamides yielded the desired Nacylsulfonamides 2-9 (Scheme 1). 30 For comparison, a methyl ester variant, 10, was synthesized. We hypothesized that replacing the carboxylate with a charge-neutral ester species would significantly diminish inhibitor potency. In contrast, the modification with Nacylsulfonamide groups should result in inhibitory potencies comparable or superior to that of the carboxylate.
To explore the effect of carboxylate modifications, MtbUGM activity was compared in the presence of 50 μM of compound 1, 2, or 10 ( Figure 2 ). Each compound was tested for its ability to block MtbUGM 31 from generating UDP-Galp from UDP-Galf. 22 We employed conditions under which free carboxylate 1 inhibited greater than 90% of UGM activity. The methylsulfonamide-modified 2 also displayed excellent levels of inhibition (>90%). In contrast, methyl ester 10 inhibited only 20% of activity, suggesting the carboxylate anion is important for inhibitor potency. These data supported our hypothesis that the negatively charged carboxylate can replace the pyrophosphate binding in the active site, and that the anionic N-acylsulfonamide can preserve the interactions critical for binding affinity.
To further characterize the consequence of carboxylate replacement, we generated full inhibition curves for each N-acylsulfonamide derivative and the half-maximal inhibitory concentration (IC 50 ) was calculated. The IC 50 values for compounds 2-9 were comparable to that of the precursor 1 (IC 50 = 6 μM), and they range from 1 -18 μM ( Table 1 ). The results indicate that the N-acylsulfonamide modification is not only tolerated by the UGM active site, but in some cases can impart enhanced potency. Specifically, compounds 5 and 7-9, which have substituents that can occupy an extended binding site, 23 are more potent than is carboxylate 1. Though it is difficult to deconvolute the electronic and steric contributions of aryl substituents on the N-acyl sulfonamide, they do impact the ability of compounds to block the enzyme.
We carried out additional studies to evaluate whether the observed inhibitory potencies arise from specific binding to UGM. Studies by Shoichet and co-workers have revealed the importance of testing for small molecules for aggregation, as compounds with this propensity can act as non-selective inhibitors. [32] [33] [34] We therefore routinely assess the aggregation propensity of a representative set of compounds (in this case, 1, 2, and 4) using dynamic light scattering (DLS). No aggregation was observed for any of these compounds at concentrations up to 50 μM (Table S1 ), a concentration well above the IC 50 values of the inhibitors. These data indicate that the N-acylsulfonamide analogs specifically inhibit UGM.
The effectiveness of compounds 2-9 in inhibiting UGM catalysis led us to test whether they act on mycobacteria. Growth inhibition of M. smegmatis was assessed in liquid culture using a microplate Alamar Blue assay, 35, 36 and from these data the minimum inhibitory concentration (MIC) was determined for each compound ( Table 2 ). The most potent inhibitors in liquid culture conditions were the N-acylsulfonamides 4 and 7-9, each of which was at least four-fold more effective than the carboxylic acid precursor 1. Thus, compounds 7-9 were not only more effective than 1 at blocking UGM activity but also had higher antimycobacterial activity.
On solid media, growth inhibition was evaluated using an agar disk diffusion assay (Table 2; Figure 3 ). 18 The observed activity of the compounds in this disk diffusion assay is a function of that compound's ability to diffuse through the agar and its growth inhibitory activity. We tested the carboxylic acid 1, the N-acylsulfonamides and methyl ester 10. Though methyl ester 10 itself is not a useful UGM inhibitor, if mycobacteria possess nonspecific esterases, it could be converted to the more potent acid 1. When the methyl ester variant 10 was tested, no mycobacterial growth inhibition was observed. In contrast to the results with ester 10, all N-acylsulfonamides except 5 exhibited more potent growth inhibition than did 1, with compound 3 as the most efficacious. Each inhibitor was also evaluated against Escherichia coli BL21, a bacterial strain lacking a UGM. No antibacterial activity was observed against E. coli by any of the compounds tested ( Figure S1 ). The specificity of these inhibitors for UGM-dependent bacteria is consistent with UGM inhibition leading to antimycobacterial activity.
We postulated that a contributing factor in superior growth inhibition of M. smegmatis by Nacylsulfonamide derivatives is their increased ability to penetrate the mycobacterial cell envelope. Such a model could explain why compounds 2, 3, and 6 are 2-3-fold poorer than carboxylate 1 at blocking UGM enzyme activity, yet they are more effective at blocking mycobacterial growth. To test whether elaboration of a carboxylate to an N-acylsulfonamide moiety influences cell uptake, we compared the intracellular accumulation of compounds 1 and 2. Quantification by LC-MS has been utilized by others to rationalize differences in inhibitor potency between enzyme assays and in cellulo experiments. 37, 38 Using a protocol developed by Chatterji and coworkers, 39 we evaluated compound accumulation in M. smegmatis, upon treatment with 25 μM of either 1 or 2. The level of cell-associated 2 was approximately 14-fold higher than that of 1. These results indicate that N-acylsulfonamide modification can facilitate the passage of small molecules through the mycobacterial cell envelope.
If the role of the N-acylsulfonamide group is to mimic the carboxylate, it might serve as a general surrogate. To test this possibility, we extended our studies to an additional inhibitor scaffold that was identified through virtual screening. 23 Triazolothiadiazine derivatives can block UGM activity and, like the 2-aminothiazoles, they feature a carboxylate. Utilizing an analogous synthetic approach as with the 2-aminothiazoles, lead inhibitor 11 was converted into N-acylsulfonamide derivatives 12 and 13 as well as methyl ester 14. Evaluation of these analogs in the UGM activity assay revealed trends in potency that mirrored those of the 2-aminothiazole inhibitor variants (Figure 4) . With a co-crystal structure of a triazolothiadiazine inhibitor in hand, we evaluated the fit of 12 and 13 into the UGM active site. Several predicted docking poses mimic the binding pose of the crystal structure, and illustrate that the additional steric demands of an arylsulfonamide may be accommodated by the active site ( Figures S2-5) . These results indicate that our strategy can be employed to improve the activity of UGM inhibitors, and perhaps is applicable to an even broader array of carboxylate-containing antimycobacterial agents.
The development of small molecules that can permeate cell membranes poses a challenge for medicinal chemistry and chemical biology. [40] [41] [42] [43] [44] One strategy commonly implemented in eukaryotic cells is to temporarily mask polar groups such as carboxylates via esterification, which promotes passage through the cell membrane. 45, 46 Upon reaching the cell's interior the polar group can be unmasked by esterases, thereby generating the active small molecule. [47] [48] [49] This strategy relies on the presence of highly promiscuous esterases within the cell that can process the compound of interest. 46 Mycobacteria are known to produce lipases [50] [51] [52] , but the complete lack of activity of methyl ester 10 indicates that they lack indiscriminate enzymes that hydrolyze simple esters. Consequently, alternative approaches to circumvent the permeability barrier are required.
Our data indicate that the N-acylsulfonamide moiety is an apt carboxylate surrogate for UGM inhibitor scaffolds. This modification confers increased potency against UGM activity and in mycobacterial growth assays. Indeed, the ability of the N-acylsulfonamide moiety to enhance small molecule cell permeability is advantageous. The ability of 2-aminothiazoles to inhibit UGM homologs from other organisms has been previously established, including nematodes such as C. elegans, a species in which carboxylate-containing small molecules generally lack biological activity. 53 N-Acylsulfonamide-based inhibitors are expected to provide further utility in studying the consequences of Galf depletion in a wide range of prokaryotic and eukaryotic organisms. 17, 44 
Methods

Compound Synthesis
The carboxylate 2-aminothiazole was synthesized according to previously published protocols (Scheme S1). 18 Synthetic procedures for carboxylate modification to either Nacylsulfonamide or ester derivatives can be found in the Supporting Information.
Evaluation of MtbUGM Activity
Recombinant MtbUGM was produced according to published protocols, and enzyme activity was evaluated using a previously published HPLC assay. 31 Briefly, MtbUGM was incubated in sodium phosphate buffer with sodium dithionite and the substrate UDP-Galf in the absence or presence of an inhibitor (added as a DMSO stock at a final concentration of 1% DMSO). After a 40 second incubation, the reaction was quenched and the aqueous portion was separated and analyzed on a Dionex Carbopac PA-100 column to quantify conversion of UDP-Galf to UDP-Galp. Relative enzyme activity was derived by normalizing activity in the presence of inhibitors against the activity of the enzyme alone.
Mycobacterial Growth Inhibition (Liquid Culture)
M. smegmatis was grown to saturation at 37 °C in Middlebrook 7H9 media with Albumin Dextrose Catalase (ADC) enrichment and 0.05% Tween80. The culture was diluted to OD 600 = ~0.02 in LB liquid media and added to 96-well plates with added inhibitor concentrations in twofold dilutions. After 24 hours at 37 °C in a shaking incubator, bacterial growth was evaluated using an AlamarBlue reagent (Invitrogen).
Mycobacterial Growth Inhibition (Solid Culture)
A dense culture of M. smegmatis was diluted to OD 600 = ~0.2 in LB liquid media and spread onto LB agar plates. Sterile disks (3 mm diameter) were impregnated with a solution of inhibitor in DMSO (15 nmols) and placed on top of the bacterial lawn. After 72 hours incubation at 37 °C, zones of inhibition were measured as the average diameter of the region around a cloning disk where bacterial growth was not visible.
LC-MS Quantification of
Compound Accumulation-A dense culture of M. smegmatis was grown in Middlebrook 7H9 media with Albumin Dextrose Catalase (ADC) enrichment and 0.05% Tween80, then cells were pelleted and resuspended in PBS buffer. Cells were incubated at room temperature for 4 hours in the presence of 25 μM inhibitor, then washed and lysed according to the protocol by Chatterji and coworkers. 39 Cell lysate was analyzed by LC-MS to quantify levels of accumulated compound.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Comparison of inhibitor potency between 2-aminothiazoles with carboxyl replacements. Inhibition of MtbUGM was evaluated in the presence of 50 μM compound. Error bars represent the standard deviation from the mean (n = 3) Agar disk diffusion assay with M. smegmatis and compounds 1-10 (15 nmols).
Representative images are shown. Quantification of growth inhibition zones can be found in Table 2 (n = 3). Comparison of inhibitor potency between triazolothiadiazines with carboxyl replacements. Inhibition of MtbUGM was evaluated in the presence of 100 or 50 μM inhibitor. IC 50 values for 11, 12, and 13 were 80±2, 108±42, and 19±6 μM, respectively. Error bars represent the standard deviation from the mean (n = 2).
